INTRODUCTION

1
Horizontal curves are essential elements of all highway systems. At the same time, curves have 2 also been consistently identified as safety concerns by transportation agencies. Each year, about 3 25 percent of fatal crashes occur at horizontal curves in the United States, causing approximately 4 10,000 fatalities (1; 2). The total mileage of curve segments accounts for a relatively low 5 percentage of the entire roadway network. However, crashes are over-represented at horizontal 6 curves, and the average crash rate for curves is much higher than that of tangents (3). Crash 7 statistics have shown that an obvious higher percentage of fatal curve-related crashes occur on 8 rural roads, particularly on two-lane roadways. Specifically, nearly 70 percent of the fatal curve-9 related crashes occurred on rural two-lane highways (1) . 10 The first edition of Highway Safety Manual (HSM) (4) provides a safety performance 11 function (SPF) for rural two-lane highways as well as a crash modification function 12 (CM-Function) for horizontal curves, which can be used to predict the number of crashes for 13 curves. However, the HSM CM-Function for horizontal curve was derived based on studies 14 conducted over 25 years ago (5) . The crash dataset analyzed in the studies was collected in the The safety effect for a treatment is ideally evaluated through before-after studies, in 22 particular when it is based on the empirical Bayes (EB) method (6). However, it is nearly 23 impossible to assess the safety effects of horizontal curves using such approach in practice, since 24 changing the alignment of a curve is both costly and time consuming. More importantly, when a 25 curve's alignment is improved, other features associated with the curve (e.g., pavement type and 26 width, side slope, superelevation, etc.) will also change simultaneously. Thus, the before-after 27 study is not feasible. As an alternative, safety analysts have been using cross-sectional studies, 28 particularly regression models or SPFs, to evaluate the safety effects of some treatments or 29 highway design features, although these models have limitations, such as the omitted variable 30 bias, misspecification in functional form, and independence assumption among others (7; 8).
31
Some researchers have also criticized the use of regression models for developing CMFs, since 32 SPFs cannot capture the cause-effect relationship between variables (6; 9). 33 significantly. In general, shaper curves are associated with higher crash frequency (5). For 1 example, the probability of experiencing a crash at a curve with a radius of 500 ft is about two 2 times of that of a tangent segment (11). (2) 18 Where, 19 = predicted annual crash number; 20 AADT= annual average daily traffic (veh/day); and,
21
L= length of the segment (mi).
22
For a given curve, with length equal to L mi, and radius equal to R ft, without spiral 23 transition, the annual predicted number of crashes will be The cross-sectional approach to develop the safety effect of curves used in this study is similar to 4 the one used by Banihashemi (10; 19) , but necessary changes were made to fulfill the objective 5 of this study. The approaches for developing and assessing CMFs are described below.
6
Development of CMFs
7
The core concept of the cross-sectional approach for developing CMFs is to compare the safety better represent the curve feature, since the mean is the asymptotic expectation of the radii.
33
Step
2: Predict Crash Number if the Curves Had Been Tangents
34
Predict the number of crashes for each curve if it had been a tangent using the base SPF 35 provided by HSM. To predict the number of crashes on the "tangents", this study used the basic 36 SPF for rural two-lane highways, shown below as Equation (6). 
Where,
The calibration factor was assumed to be 1.0 in this step (this will not affect the results in 3
Step 4, which is of interest). It is worth mentioning that no CMF was considered in this step, 4 because these "tangents" are homogeneous segments (note that the characteristics, e.g., lane and 5 shoulder widths, of the curves are all the same or similar except radius, more detailed 6 information is documented in Section Data Description below). 7 Calculate the predicted number of crashes of each "tangent" bin. This number represents 8 what the "safety" of each curve bin would be if they had been tangents.
9
Step 3: Calculate the Initial Ratios of Observed to Predicted "Safety" and Normalize Them 10 Calculate the initial ratio for each bin by dividing the observed "safety" by its predicted if 11 the curves had been tangents.
12
Choose one bin as base condition (usually the bin with the greatest radii), divide the 13 initial ratios by that of the base bin. The new ratios are now normalized. The normalized ratio of 14 each bin represents the safety effect of its feature (i.e., curve radii) compared to the base bin.
15
Step 4 normalized ratio can be used as CMFs for specific highway curves.
22
The protocol for developing CMFs/CM-Functions is illustrated in Figure 1 . predicting crashes is the same as that introduced in HSM. It is described below.
7
Step 1: Split the Validation Data 8 Divide the validation data into several bins. This is similar to that used to develop CMFs 9 for horizontal curves. However, the number of bins and thresholds may not necessary be the 10 same. Calculate the total observed number of crashes for each bin.
11
Step 2: Initial Prediction with Given CM-Function
12
Predict the initial number of crashes for each curve using the base SPF and the given 13 CM-Function (i.e., HSM CM-Function, Gooch CM-Function, and the one proposed in this study, 14 respectively).
Step 3: Calculate Calibration Factor and Update Prediction 1 Calculate the total number of predicted crashes (all bins) and derive the calibration factor 2 by dividing the total predicted by the total observed. The calibration factor is estimated and used 3 such that the total number of predicted crashes equal to the total number of observed (4; 10). 4 Update the predicted number of crashes for each curve through multiplying its initial 5 prediction by the estimated calibration factor.
6
Calculate the total number of updated (i.e., calibrated) prediction for each bin. The closer 7 the predicted crash numbers of bins to that of observed, the better that CM-Function is. 
RESULTS
27
The following two sections present the analysis results for the data with the methodology 28 described in the previous sections.
Significance of Horizontal Curve and CM-Function Development
1
For the development of curvature CMFs, the curves were divided into eight bins on the basis of 2 curve radius. Following the procedure documented in the previous sections, the predicted 3 number of crashes, the initial ratio were calculated for each bin, as shown in Table 2 (columns 6   4 and 7, respectively). It can be seen that horizontal curve affects safety significantly without 5 surprise. As the mean radius decreases from about 3,000 ft to about 300 ft, the initial ratio 6 increases from 0.73 to 2.74 continuously. The sharper is the curve, the higher the crash risk is. 7 This is consistent with various previous studies on the effect of horizontal curve on safety (5; 12; 8 20; 21).
9
To further quantify the effects of horizontal curves, the initial ratios were normalized. 10 The bin with greatest mean radius (i.e., bin 8 in Table 2 ) was chosen as the base condition, and 11 the initial ratio of each bin was divided by that of the base condition (i.e., 0.73 in Table 2 ). The 12 normalized ratios are shown in column 8 in Table 2 was assumed to be 1.0 and this is the reason that the total observed does not equal to that of 16 predicted, but this does not affect the normalized ratios which are of interest; Int. Ratio = initial 17 ratio; Norm. Ratio = normalized ratio; Fre. of Curves = frequency of curves. 18 19 To develop a CM-Function representing the relationship between horizontal curve radius 20 and crash risk, a couple of commonly used functions (i.e., linear, exponential, logarithmic, 21 power, etc.) were tried to fit the points. Power function was found to fit it well, as shown in 22 Figure 2. The fitting results is described in = the specific CMF for the curve. 10 Note that, since the data analyzed only contains radii of 5,000 ft or less, the CM-Function 11 only applies to curves with radius no greater than 5,000 ft on rural two-lane highways. Proposed = predicted number of crashes with CMFs provided in HSM, developed by Gooch et al. 7 (12), and proposed in this study, respectively; Numbers in parentheses indicate the corresponding 8 prediction bias (i.e., the difference between predicted and observed divided by the observed 9 crash count). A positive number means over prediction, and vice versa. 10 11 Obviously, the proposed CM-Function performs better than both the HSM and Gooch 12 CM-Functions. The comparison is also illustrated in Figure 3 . It can been seen that the latter two 13 predicted similar number of crashes for each bin. They under-predict the number of crashes 14 when the radius is between about 500 ft and 2,000 ft, but over-predict it when the curve is sharp 15 (radius less than about 500 ft) or flat (radius greater than bout 2,000 ft). The bias varies between 16 10% and 124%, and it becomes significant in the two ends. Over all, the prediction is 17 unacceptable. In contrast, the predicted crash numbers with the proposed CM-Function fit the 18 observed crash counts well when the curve radius is between about 500 ft and 2,000 ft. The crash 19 numbers are slightly underestimated when the radius is less than about 500 ft or greater than 20 about 2,000 ft. At the two ends (sharper or flat curves), all the three CM-Functions produce higher prediction biases. However, the magnitude of the proposed CM-Function is significantly 1 smaller than the other two (i.e., 25% versus more than 100%). 
CONCLUSIONS AND DISCUSSIONS
5
This paper has analyzed the safety effect of horizontal curves on rural two-lane undivided 6 highways on safety using cross-sectional study. The curves were divided into a couple of bins 7 based on their radii, and the crash numbers were predicted using HSM method if they had been better than the other two, and in general predicts the number of crashes well. 19 There is an interesting question that needs further consideration. As has been discussed 20 previously, the HSM CM-Function for curve suffers from both outdated data and analysis residual (known as CURE) plots were analyzed (not documented here due to space limitation), 10 and results showed that they differed significantly. For more details about CURE plots, readers 11 are referred to Hauer (9).
12
This study developed the CM-Function for horizontal curves using the cross-sectional simultaneously. With the cross-sectional analysis method used in this study, safety analysts are 41 able to investigate the combined safety effects of multiple features, e.g., combinations of radius 42 and deflection angle (this is ongoing and will be documented in the future manuscripts).
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